nature neurOSCIenCe a r t I C l e S The prefrontal cortex (PFC) is known to play a key role in active maintenance of task-relevant information for memory-guided behavior [1] [2] [3] . In primates performing tasks that involve a delay between the visual cue and the motor response (delayed-response tasks), lesion or inactivation of the dorsolateral PFC strongly disrupts the task performance, with the severity of the impairment increasing with the length of the delay 2,4-6 . In contrast, when the visual cue is presented continuously to guide the behavior (visually-guided tasks), performance remains largely intact. This indicates that the impairment induced by PFC lesion or inactivation is specific for memory maintenance. Recent studies have shown that inactivation of the PFC in rodents causes similar memory impairments [7] [8] [9] [10] [11] [12] .
a r t I C l e S
The prefrontal cortex (PFC) is known to play a key role in active maintenance of task-relevant information for memory-guided behavior [1] [2] [3] . In primates performing tasks that involve a delay between the visual cue and the motor response (delayed-response tasks), lesion or inactivation of the dorsolateral PFC strongly disrupts the task performance, with the severity of the impairment increasing with the length of the delay 2, [4] [5] [6] . In contrast, when the visual cue is presented continuously to guide the behavior (visually-guided tasks), performance remains largely intact. This indicates that the impairment induced by PFC lesion or inactivation is specific for memory maintenance. Recent studies have shown that inactivation of the PFC in rodents causes similar memory impairments [7] [8] [9] [10] [11] [12] .
Consistent with these lesion and inactivation studies, electrophysiological recordings have shown that many PFC neurons exhibit sustained activity that carries task-relevant information during the delay period 7, [9] [10] [11] [13] [14] [15] [16] [17] [18] [19] [20] . However, the causal relationship between the delay-period activity and short-term memory maintenance is only beginning to be examined, as disruption of activity specifically during the delay without affecting other task periods requires high temporal precision, which is afforded by the optogenetic approach [8] [9] [10] [11] [12] 20 . Furthermore, while dynamic-systems models of these optogenetic data 8, 11 support the theory that attractor networks may sustain the delay activity without sensory input, many questions remain about the roles of different neuronal subtypes in implementing these networks. In particular, the neocortex contains a diversity of GABAergic interneurons, which play key roles in cortical computation. Different subtypes of interneurons are differentially modulated by sensory stimuli, motor behaviors and neuromodulatory inputs, and they play distinct roles in shaping pyramidal neuron activity [21] [22] [23] [24] [25] [26] [27] [28] [29] . Characterizing the functional role of each cell type is a critical step in understanding the circuit mechanism of working memory maintenance.
In this study, we used cell-type-specific calcium imaging to measure the delay-period activity of pyramidal neurons and three major interneuron subtypes in the PFC of mice performing a delayedresponse task. Bidirectional optogenetic manipulations were used to test their causal roles in memory maintenance. We found that suppression of pyramidal neuron activity through activation of somatostatin (SST)-or parvalbumin (PV)-positive interneurons, even transiently during an early delay period, severely impaired task performance. In contrast, activation of VIP-positive interneurons enhanced both the neuronal coding of action plans and the animal's task performance. Furthermore, the endogenous delay activity of SST and PV neurons was strongly biased toward Go trials, whereas VIP neurons were similarly active in both Go and No-Go trials. Our results reveal the functional distinction among three interneuron subtypes in working memory maintenance, and they point to the potential for improving memory performance by activating VIP interneurons in the PFC.
RESULTS

Delay activity of different pyramidal neurons signals Go and NoGo action plans
To examine the function and mechanism of delay-period activity in the PFC, we trained head-fixed mice on a delayed Go versus No-Go auditory discrimination task (Fig. 1a, Supplementary Video 1 and Online Methods). Each trial consists of sample, delay and test periods. During the sample period (2 s) a target (8 kHz) or nontarget (2 kHz) auditory stimulus was presented (the corresponding trial was referred to as a 'Go' trial or 'No-Go' trial, respectively), followed by a 5-s delay period during which water was inaccessible. The test period began when the water port was presented; licking in Go trials within the 2-s response window (Hit) was rewarded, and licking in No-Go trials (False Alarm) was punished. Mice learned this task within several weeks, licking a r t I C l e S mostly during the test period (Fig. 1a and Supplementary Fig. 1) ; their correct response rate stabilized at 84 ± 2.6% (s.e.m., n = 9 mice; Fig. 1b) . Pupillometry during the task suggests similar levels of arousal during Go and No-Go trials (Supplementary Fig. 2) . However, the great majority of errors were False Alarms (Fig. 1c) , indicating that the task performance depends mainly on the successful suppression of inappropriate Go responses.
To image task-related neuronal activity, we injected Cre-inducible adeno-associated virus (AAV) expressing the calcium indicator GCaMP6f 30 into the dorsomedial PFC (dmPFC) of CaMKIIα-Cre mice to specifically label pyramidal neurons 27 . Imaging was performed through a gradient refractive index lens coupled to a miniaturized integrated fluorescence microscope 31 , which allowed monitoring of neuronal activity across cortical layers (Fig. 2a) .
We found strong task-related activity in dmPFC pyramidal neurons. In addition to the calcium transients time-locked to the sensory stimuli and trial outcomes 27 , many neurons exhibited sustained activity during the 5-s delay period (Fig. 2b-h ). While some neurons were selectively activated in Go trials (Go-preferring neurons; Fig. 2b,d ,f,h), others were much more active in No-Go trials (NG-preferring neurons; Fig. 2c ,e,g,h), as in a previous observation in mouse M1 32 . Notably, we found a higher fraction of NG-preferring neurons in deeper cortical layers ( Fig. 2i ; see Supplementary Fig. 3 for analyses at different dorsal-ventral positions), suggesting a transformation of action plan representation across cortical layers 10 . To quantify the separability between the two action plans encoded in dmPFC activity, we computed the Euclidean distance between the population activity in Go and No-Go trials (Online Methods). The distance increased rapidly after the onset of auditory stimulus and persisted throughout the delay and test periods (Fig. 2j) . Decoding analysis also showed that the delay activity in individual trials was highly predictive of the motor behavior in correct response (Hit and Correct Rejection) trials ( Supplementary Fig. 4 ), indicating that information on the action plan was maintained in dmPFC activity.
Delay activity of pyramidal neurons is required for memory maintenance Previous studies showed that the encoding of future actions in PFC activity improves with behavioral learning in both rats 18 and monkeys 33 . Here the Euclidean distance between the Go and No-Go delay activity was also positively correlated with the task performance ( Fig. 2k ; r = 0.50, P = 0.0081, Pearson's correlation coefficient, bootstrap), suggesting a functional contribution of this activity to behavioral control. To directly test the causal relationship between dmPFC activity and memory maintenance, we suppressed pyramidal neuron spiking by optogenetically activating inhibitory interneurons [9] [10] [11] [12] 20 (Supplementary Fig. 5 ). Multielectrode recordings showed that channelrhodopsin-2 (ChR2)-mediated SST neuron activation strongly suppressed dmPFC spiking in both Go and No-Go trials (Supplementary Figs. 5, 6 and 7a), leading to a marked reduction in their Euclidean distance (Supplementary Fig. 7b ). Previous studies showed that activation of PV neurons is also highly effective in suppressing pyramidal neuron activity [9] [10] [11] 29 . Behaviorally, activating either SST or PV neurons caused a strong impairment in task performance, with a substantial increase in False Alarm rate and a small decrease in Hit rate (Fig. 3a-c) . Thus, dmPFC pyramidal neuron activity was important for the delayed response task, especially for the suppression of inappropriate motor responses in No-Go trials.
Suppression of dmPFC activity during the whole trial could affect encoding of the auditory stimulus, retention of the action plan and/or execution of the motor response. To specifically test the role of dmPFC activity in memory retention, we applied optogenetic suppression briefly within the delay period [8] [9] [10] [11] [12] 20 . Notably, even a 2-s laser stimulation of SST or PV neurons during early delay caused a strong reduction in behavioral performance (Fig. 3d-f) , indicating that the delay activity played a crucial role in maintaining the Go or No-Go action plan after the auditory stimulus ceased. In contrast, activating SST or PV neurons in the primary somatosensory cortex, during either the whole trial or the early delay period, had no significant effect on performance (P = 0.91 and 0.81 for SST and PV, respectively, during the whole trial; P = 0.81 and 0.44 for SST and PV, respectively, during the early delay; Supplementary Fig. 8 ), indicating that behavioral impairment was not a general side effect of the laser stimulation. VIP neuron activation improves task performance and neural coding of action plans Unlike SST or PV neuron activation, which powerfully suppressed pyramidal neuron activity (Supplementary Fig. 7a ), VIP neuron activation causes both inhibition and disinhibition of pyramidal neurons 22, 25, 26, 34 . We next tested their role in memory-guided behavior. Optogenetic activation of VIP interneurons in dmPFCeither throughout the whole trial or only during the early delay period-caused a marked improvement in task performance (Fig. 4a,b) . Conversely, archaerhodopsin (Arch)-mediated silencing of VIP neurons caused a significant behavioral impairment (Fig. 5a,d ), indicating that their normal activity is important for performing the task. Both the ChR2-mediated increase and Arch-mediated decrease in correct response rate were due primarily to changes in ). This suggests that the main effect of VIP neuron activation was to improve the suppression of inappropriate Go responses, in opposition to the effect of SST or PV neuron activation (Fig. 3) . In control experiments in the primary somatosensory cortex, VIP neuron manipulation caused no significant change in performance (P = 0.50 and 0.64 for whole trial and early delay, respectively, in VIP-ChR2 mice and P = 0.58 for whole trial in VIP-Arch mice; Supplementary Figs. 9 and 10), indicating a specific role for the dmPFC. Previous studies have shown that VIP neuron activation disinhibits pyramidal neurons by inhibiting SST and PV interneurons 25, 26, 34, 35 . Arch-mediated optogenetic inhibition of SST or PV neurons, either throughout the whole trial or during the early delay period, significantly improved task performance (Fig. 5b,c,e,f) , suggesting a r t I C l e S that the behavioral effect of VIP neuron activation could indeed be mediated in part by inhibiting SST and PV neurons. On the other hand, direct optogenetic activation of dmPFC pyramidal neurons impaired behavioral performance ( Supplementary Fig. 11 ), indicating that a nonselective increase in their firing rate is detrimental.
To further examine the mechanism by which VIP neuron activation improves the behavior, we performed multielectrode recordings in the dmPFC (Fig. 6a) . For the recorded Go-preferring neurons, laser stimulation significantly decreased their delay activity in NoGo trials (P = 0.00055, paired t-test) but not in Go trials (P = 0.18;
Correct rate (%) The early delay stimulation decreased the correct response rate in (e) SST-ChR2 mice (n = 7, P = 0.016) and (f) PV-ChR2 mice (n = 10, P = 0.027) with a substantial increase in FA rate. All error bars denote ± s.e.m. *P < 0.05 and **P < 0.01; Wilcoxon signed-rank test.
a r t I C l e S Supplementary Fig. 12 ), resulting in an increased difference between their Go and No-Go activity (Fig. 6b) . For the NG-preferring neurons, laser decreased the activity in Go trials (P = 0.034) but not in No-Go trials (P = 0.58), leading to a decreased Go -No-Go value (Fig. 6b) . For the remaining unmodulated neurons, the activity decreased in both Go (P < 0.001) and No-Go trials (P < 0.001). Thus, while VIP neuron activation caused an overall decrease in dmPFC activity, the magnitude of the effect depended on both the trial type (Go versus No-Go) and the functional property of the cell. Such differential modulations resulted in an increased Euclidean distance between Go and No-Go delay-period activity (Fig. 6c) , which may have contributed to the improved behavioral performance (Fig. 2k) .
Endogenous delay-period activity of SST, PV and VIP interneurons Having demonstrated their distinct impacts on memory retention using optogenetic manipulations, we next measured the endogenous task-related activity of the interneuron subtypes to assess their physiological contributions to memory-guided behavior. Cre-inducible AAV expressing GCaMP6f was injected into the dmPFC of SST-Cre, PV-Cre or VIP-Cre mice, and calcium imaging was performed during the delayed-response task (Fig. 7a-c) .
While the activity of SST and PV neurons was biased strongly toward Go trials (Fig. 7a,b) , the VIP neuron population showed similar activity in both Go and No-Go trials (Fig. 7c) . Of the three interneuron subtypes plus the pyramidal neurons, VIP neurons exhibited the highest relative activity in No-Go trials ( Fig. 7d ; P < 0.001 for all comparisons, Tukey-Kramer post hoc test following one-way ANOVA). Since optogenetic activation and inactivation of VIP neurons in No-Go trials improved and impaired the suppression of inappropriate motor responses, respectively (Figs. 4 and 5a,d) , the endogenous activity of VIP neurons in these trials may play an important role in enabling high performance of the delayed Go or No-Go task. 
a r t I C l e S
Interneuron activation during delayed two-alternative forcedchoice task Performance of the delayed Go or No-Go task depends mainly on the successful suppression of inappropriate Go responses (Fig. 1c) , and the effects of interneuron manipulations reported above were due primarily to changes in the False Alarm rate (Figs. 3-5 ). These observations point to a crucial role of the dmPFC in response inhibition 2,3,36 . However, even transient optogenetic manipulations during an early delay period significantly affected the performance (Figs. 3d-f, 4b and 5d-f), arguing against a simple effect on motor suppression during the response period (although it is possible that some ChR2-mediated and Arch-or halorhodopsin-mediated changes in cortical activity outlasted the laser stimulation by several seconds). In addition to changes in the False Alarm rate, several manipulations also had small but significant effects on the Hit rate (Figs. 3b,e and 4a,b) , which cannot be accounted for purely by response inhibition.
To further examine the roles of dmPFC SST and VIP interneurons in memory-guided behavior separately from response inhibition, we trained mice to perform a delayed two-alternative forced-choice (2-AFC) task, in which they licked either the left or right water port in response to a tone stimulus after a variable delay period (1.5-2 s; Fig. 8a) . We found that ChR2-mediated bilateral activation of SST neurons, during either the whole trial or an early delay period, significantly impaired the behavioral performance, whereas VIP neuron activation improved the behavior (Fig. 8b-e) , consistent with the findings using the delayed Go or No-Go task (Figs. 3 and 4) . These results further demonstrated the functions of the dmPFC interneurons in memory-guided behavior beyond response suppression.
DISCUSSION
Using a combination of calcium imaging and bidirectional optogenetic manipulations during memory-guided behavior, we revealed distinct functional roles of three major subtypes of dmPFC GABAergic interneurons in short-term memory maintenance. While activation of SST and PV interneurons impairs behavioral performance by suppressing the delay-period activity of pyramidal neurons, activation of VIP interneurons improves their representation of the action plans and the animal's task performance. These results indicate that the dmPFC is a crucial component of the short-term memory network, and activity of its VIP neurons plays a key role in memory retention.
The strong behavioral impairment caused by a transient dmPFC inactivation in well-trained mice (Fig. 3) is reminiscent of the finding in rat frontal orienting field 8 , and it suggests a crucial role for the delay activity in maintaining memory for the action plan [37] [38] [39] . However, neuronal activity in rats' frontal orienting fields during error trials reflects motor responses better than instructing sensory stimuli 7 , whereas mouse dmPFC activity in False Alarm trials was more similar to that seen in Correct Rejection trials than that seen in Hit trials (Fig. 2d-g and Supplementary Fig. 4) . The difference between these observations could be due to the difference in the brain regions studied or to the difference in task designs The difference in the Euclidean distance was significant for all analysis periods except for the baseline period (P = 0.49; bootstrap). *P = 0.0060; **P = 0.0002; ***P = 0 (bootstrap); N.S., nonsignificant; shading, 95% confidence intervals (bootstrap). a r t I C l e S (2-AFC versus Go or No-Go). Unlike the 2-AFC task, which involves symmetric left-and right-motor responses, Go or No-Go tasks are intrinsically asymmetric, with far more False Alarm than Miss errors (Fig. 1c) . It is thus possible that when the animal is motivated to lick, even a slight deviation of dmPFC activity from the pattern required for Correct Rejection could lead to an inappropriate Go response.
The Miss errors, on the other hand, increased dramatically near the end of each behavioral session (likely due to water satiety), suggesting that a significant fraction of them are related to the animal's decreased motivation compared to earlier in the session. A full understanding of how dmPFC activity is decoded during this behavior will require observing neuronal activity in the downstream circuits. Our finding a r t I C l e S is also different from a recent study using a delayed non-match-tosample task, in which the delay activity of a more ventral region of the medial PFC was found to be important for learning of the task but not for its performance after the mice were well trained 20 . In addition to the differences in brain region (ventral versus dorsal mPFC) and sensory modality (olfactory versus auditory), there is an important difference in the memory requirement for the two tasks. While the delayed non-match-to-sample task requires short-term memory of the sensory cue, the delayed-response task is likely to require maintenance of the action plan. Besides the frontal cortex, delay-period activity has also been observed in other brain regions, including the parietal cortex, superior colliculus and temporal lobe 8, [40] [41] [42] [43] . These regions are anatomically connected to the PFC 44 , and during working-memory tasks their activity is often synchronized with PFC activity, with the strength of synchronization predictive of the animals' performance 42, 45, 46 . Such inter-areal interactions are likely to be important for the maintenance of delay-period activity without sensory input, although the relative importance of the different regions in various memory-guided tasks remains to be investigated.
Consistent with previous studies based on muscimol inactivation 32, 47 , our manipulations of mouse dmPFC activity strongly affected the False Alarm rate (Figs. 3 and 4) , indicating a key role for this circuit in suppressing inappropriate motor responses. NG-preferring pyramidal neurons were found to be much more abundant in deep cortical layers (Fig. 2i) , raising the possibility that these cells project to distinct downstream targets 48 . One potential target is the subthalamic nucleus, which is selectively activated when subjects inhibit their motor responses; this activity is correlated with PFC activity 36, 49 . Other targets of the PFC include neuromodulatory circuits such as the dorsal raphe nucleus, which contains serotonergic neurons that are important for impulse control. A recent study showed that optogenetic activation of dorsal raphe serotonergic neurons in the mouse suppresses premature responses 50 . Notably, these serotonergic neurons also project to the PFC and can activate its VIP neurons through ionotropic serotonin receptors 25 . Such reciprocal interactions between the PFC and the dorsal raphe nucleus may boost the signals in both circuits for impulse suppression.
We found that SST neuron activation caused a stronger behavioral impairment than PV neuron activation (Fig. 3) , consistent with a recent study using a delayed non-match-to-place behavioral model 12 . SST neurons also exhibited stronger Go-preferring delay activity than PV neurons (Fig. 7) , which may be related to Kim and colleagues' observation that SST cells show stronger target-dependent delay activity. The most striking difference observed in our study, however, was between VIP and SST or PV interneurons. Although VIP neuron activation caused an overall decrease in dmPFC activity, the magnitude of the effect depended on both the functional property of the cell (Go-versus NG-preferring) and on the trial type (Go versus No-Go; Fig. 6b and Supplementary Fig. 12 ), leading to an increased Euclidean distance between the Go and No-Go trials (Fig. 6c) . The overall decrease in activity could be mediated by direct inhibition of pyramidal neurons by VIP interneurons 25, 26, 35 , whereas the context-dependent firing rate modulation could be partly mediated by disinhibition of pyramidal neurons through suppression of SST or PV neurons 22, 25, 26, 34, 35 . Notably, while optogenetic stimulation of pyramidal neurons impaired task performance ( Supplementary  Fig. 11) , presumably because the indiscriminate activation of Goand NG-preferring neurons disrupted the specific activity patterns important for behavioral control, activating the VIP neuron population improved the performance (Fig. 4) . This suggests that overall VIP neuron activity, which is likely regulated by the degrees of arousal and task engagement, plays a key role in modulating the behavioral performance. VIP neurons receive numerous glutamatergic inputs from other cortical areas 25, 34 and neuromodulatory inputs from subcortical regions 22 . Thus, these interneurons may serve as a point of convergence for multiple inputs to regulate memory maintenance by the PFC.
METhODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. test period, both the left and right water ports were simultaneously presented; licking left in Left trials within the 2-s response window was rewarded (Correct), and licking right was punished with a combination of airpuff to the cheek and a 7-s timeout period (Error); vice versa for Right trials. The intertrial interval was 7.5 s. No licking within the 2-s response window was also regarded as Error, although no punishment was applied. The water port was retracted 2 s after the first lick during the response window in both Correct and Error trials. In this experiment, licks were detected by each of the two water ports via an electrically coupled circuit board. microendoscopic calcium imaging. The procedure has been described in detail elsewhere 27 . Briefly, we performed cellular-resolution microendoscopic calcium imaging from genetically defined cell types in the right dmPFC using a miniaturized integrated fluorescence microscope (Inscopix; 20× objective; LED power: 0.2-0.7 mW; CMOS sensor resolution: 1,440 × 1,080 pixels) coupled to a GRIN lens 31 . Images were acquired at 20 frames/s using nVista HD (Inscopix). Behavioral events were synchronized with imaging by acquiring analog voltage output from both the imaging acquisition and behavioral control software using custom code in LabVIEW (National Instruments).
optogenetic stimulation. To activate or silence each cell type during the behavioral task, we applied blue laser (473 nm; CrystaLaser, step pulses, 5 mW at fiber tip) or yellow laser (593 nm; step pulses, 15-20 mW at fiber tip) through an optic fiber (200-µm diameter) under the control of a stimulator (Grass). For optogenetic activation/inactivation experiments, an optic fiber mounted on a micromanipulator (Narishige) was inserted through the implanted guide cannula to target the dmPFC or the vS1 at a depth of 0-0.5 mm from the surface. For electrophysiology experiments, the optic fiber was placed < 1 mm from the recording site. For the delayed Go/No-Go task, in the whole-trial condition, laser stimulation started with the presentation of an auditory stimulus and continued for 9.3 s, from the sample period to the end of the response window in each trial. In the early-delay condition, laser stimulation started with the delay period onset and lasted for 2 s, thus covering the early portion of the delay period in each trial. For the delayed 2-AFC task, in the whole-trial condition, laser stimulation started with tone onset and continued for 6 s to cover from the sample period to the end of the response window in each trial. In the early-delay condition, laser stimulation started with the delay period onset and lasted for 1 s, thus covering the early portion of the delay period in each trial. Laser stimulation was applied in 50% of pseudorandomly selected trials, but the same condition never occurred in more than 5 consecutive trials.
electrophysiology. For electrophysiology recording from behaving mice, the body of the mouse was placed in a metal tube (2.9 cm inner diameter) and the headplate was fixed on a holder. While the animal was under gas anesthesia (1.5% isoflurane in oxygen), a craniotomy (~1 mm diameter) was made over the target area in the dmPFC (center AP +1.8-2.1 mm, ML 0.3-0.5 mm). A silicon probe (A1x16-Poly2-5mm-50s-177-A16, 16 active channels separated by 50 µm, NeuroNexus Technologies) was inserted using a motorized micromanipulator (MX7630R, Siskiyou). Signals were recorded with the Cheetah 32-channel acquisition system (Neuralynx), filtered at 0.6-6 kHz and sampled at 30 kHz. After every daily experiment, the craniotomy was sealed with a silicone elastomer (Kwik-Cast, World Precision Instruments). At the end of the experiment, a silicon probe coated with DiI was inserted to mark the recording tract. We used 5 VIPChR2 mice and 6 SST-ChR2 mice for these experiments.
Spike sorting. Spikes were sorted offline on the basis of the waveform energy and the first three principal components of a spike waveform ( Supplementary  Fig. 6 ). We grouped nearby channels of the silicon probe into groups of three and performed semiautomatic spike sorting using KlustaKwik software (http:// klustakwik.sourceforge.net). Spike clusters were considered single units if their autocorrelograms had a 2-ms refractory period and their cross-correlograms with other clusters did not have sharp peaks within 2 ms of 0 lag.
